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Modification of a gold electrode has been achieved by immobilizing a bis(2,2A-bipyridyl)copper(II) complex in a
self-assembled monolayer (SAM) of 3-mercaptopropionic acid. The electrostatic interaction of the negatively
charged SAM with a di-positive copper complex allowed the attachment. The modified electrode exhibited
excellent redox behavior. The dependence of the modified electrode response was investigated in terms of pH,
supporting electrolyte and ionic strength. Moreover, it showed good electrocatalytic activity for ascorbic acid
oxidation, allowing convenient quantification at levels down to 8.1 3 1028 mol l21. The [Cu(bipy)2]/SAM
modified electrode under optimized operational conditions (PIPES buffer 0.01 mol l21 at pH 6.8 and 200 mV vs.
SCE) presented a linear response range between 1.0 µmol l21 and 100.0 µmol l21 for ascorbic acid. This modified
electrode also presented an excellent repeatability, showing a relative standard deviation of 2.1% for a series of 12
successive measurements of a 5.0 µmol l21 ascorbic acid solution. Furthermore, the electroactivity was maintained
over a long period (e.g., 92% after 100 determinations).
Introduction
Chemically modified electrodes have received growing interest
in the last three decades. The main goal of this kind of electrode
is the improvement of the selectivity and sensitivity of the
electrochemical reactions that occur on their surfaces for
different purposes, especially analytical.1,2 Many different
strategies have been employed for the electrode surface
modification, such as adsorption, covalent bonding, polymer
covering, etc.3 Self-assembled monolayer (SAM) systems offer
a simple and effective method for modifying metal surfaces
with desired properties.2,4 Molecular self-assembly has become
a popular procedure for surface derivatization, mostly due to its
simplicity, versatility, reproducibility and establishment of a
high level of order on a molecular dimension.5 These properties
provide a necessary platform for probing the relationship
between molecular microstructure on an electrode surface and
macroscopic electrochemical properties such as ion barrier,
electron tunneling, electrocatalysis and molecular sensing.5 In
this modification process, a molecular layer spontaneously
forms on a substrate that is immersed in a solution containing
the adsorbate molecules. The reaction is driven by the strong
interaction between the substrate surface and a specific
functional group of the adsorbate.2,5 Variation of the structure
of the free terminal of the adsorbate allows the study of the
solution/substrate interface. Functionalized SAMs have been
used to adhere cells and proteins to surfaces, producing optical
diffraction gratings, to immobilize redox active probes to
electrode surfaces in order to study electron-transfer reactions,
to mimic biosystems, and to construct a broad range of
sensors.6,7
A variety of self-assembling systems have already been
reported including chlorosilanes, fatty acids and alkanethiols.2,8
During the last decade, extensive research works have been
directed to the preparation and characterization of well-defined
monolayers on gold electrode surfaces using sulfur containing
species, such as thiol and disulfides.9,10 Among the broad
spectrum of substrate and functional groups used for SAM
formation, long-chain alkanethiols and disulfides on gold are
the most widely studied and well-characterized systems.10
Moreover, alkanethiols terminated with functional groups, such
as a carboxylic acid and an amine, are the most important for
many applications.4 Due to the specific functions of the terminal
groups, they have been used to control surface properties and
immobilize different molecules on the monolayer.4 3-Mercap-
topropionic acid (HSCH2CH2COOH; MPA) has been known to
act as a so-called promoter molecule, and a monolayer of MPA
provided the functionality to facilitate the electron transfer
reaction between cytochrome c and the electrode.4,11,12 Adsorp-
tion properties have been also studied for immobilization of
proteins and other compounds onto MPA monolayers.13
Furthermore, an MPA monolayer has been used as an anchor
layer to fabricate sensing electrodes, which can improve the
stability and selectivity of composite sensing films such as
enzyme/poly-L-lysine systems14 and enzyme-entrapped polyion
complex–bilayer membranes.15,16 It has been reported that an
MPA monolayer is useful for maintaining the intrinsic activity
of various enzymes and biological molecules.4
In this paper, the electrochemical study of a bis(2,2A-
bipyridyl)copper(II) chloride {[Cu(bipy)2]Cl2·6H2O} electro-
statically immobilized on a SAM gold modified electrode is
reported. A carboxylic acid terminated monolayer was utilized
to provide a chemically uniform surface for further attachment.
Copper(II) compounds have presented catalytic activity for
important species with good possibilities for application in
sensor development. Thus, in this work, a copper(II) complex/




MPA, tris(hydroxymethyl)aminomethane (TRIS), N-(2-hy-
droxethyl)piperazine-NA-2-ethanesulfonic acid (HEPES), piper-
This journal is © The Royal Society of Chemistry 2002




























































View Article Online / Journal Homepage / Table of Contents for this issue
azine-N,NA-bis(2-ethanesulfonic acid) (PIPES), phosphate
buffer, absolute ethanol, L-ascorbic acid, 4-acetamidophenol,
citric acid, sodium salicylate, dimethylformanide (DMF),
sulfuric acid and 30% H2O2 were chemicals of analytical grade
from Aldrich or Sigma. [Cu(bipy)2]Cl2·6H2O was prepared as
described by Sotomayor et al.17
Apparatus and procedure
The voltammetric and amperometric measurements were per-
formed using a potentiostat PGSTAT 30 model from Autolab
(Netherlands), interfaced with a personal computer. The
geometrical area of the gold plate working electrode (Metrohm
6.1204.020, Switzerland) was 0.07 cm2. All electrochemical
experiments were carried out in a conventional three electrode
cell at room temperature. A saturated calomel electrode (SCE)
and a Pt wire were used as the reference and counter electrodes,
respectively.
Electrode modification
Before chemical modification the electrode surface was firstly
polished by alumina slurry, 1 µm and 0.3 µm (Metrohm). After
every polishing treatment, the electrode was abundantly rinsed
with deionized water, and sonicated in water for 2 min; finally,
the electrode were cleaned in freshly prepared ‘piranha’
solution (1 + 3 30% H2O2–conc. H2SO4) for 10 min and then
washed by Milli-Q water (Millipore) and ethanol. Caution:
Piranha solution is highly corrosive and reactive with organic
materials; suitable precautions must be taken at all times.
Immediately after the cleaning step, the electrodes were
transferred to a 10 mM solution of MPA in ethanol. To prepare
the monolayer, the gold electrode was immersed into the thiol
solution for 2 h. The modified electrode was further rinsed with
ethanol and water to remove physically adsorbed molecules,
and then transferred to a solution of 2mg ml21 [Cu(bipy)2] in
DMF, for 15 min. The bare gold electrode and the electrode just
modified by MPA were used for the experimental control.
Results and discussion
Fig. 1 shows the cyclic voltammograms (CVs) of the bis-bipy
copper(II) complex adsorbed on a bare (dotted line) and an MPA
modified (solid line) electrode, recorded at 25 mV s21 in 0.01
mol l21 PIPES buffer, pH 6.8. Successful incorporation of the
redox complex in the SAM modified electrode surface is
evidenced by the presence of well defined anodic (185 mV) and
cathodic (90 mV) peaks.18
Fig. 2A presents the current behavior as a function of scan
rate in the range between 5 and 500 mV s21. The plot of anodic
(ipa) and cathodic (ipc) peak current versus scan rate yielded a
straight line (Fig. 2B), this along with the surface coverage
estimated by integrating the area under the voltammetric peak
(corresponding to a charge of 25.7 µC cm22) being practically
the same for both the anodic and cathodic peaks, confirms that
the voltammetric behavior of the modified electrode is due to a
reversible surface redox reaction.18
The separation between anodic and cathodic peaks for the
redox wave (DEp) is presented in Table 1. For an ideal,
reversible redox behavior of the adsorbed species, DEp should
be zero and independent of the sweep rate. However, most of the
experimentally reported, nearly reversible redox systems are,
indeed, characterized by finite values of DEp.18 The studies on
DEp variation as a function of scan rate on this modified
electrode indicate that DEp increases to a little extent (e.g., from
50 to 75 mV, using PIPES buffer) as scan rate is increased from
5 to 200 mV s21. The low values of DEp, which change slightly
with the scan rate, suggest that the modification yields an almost
reversible surface-bound redox system. The half-peak-width
(DE1/2) of the voltammetric waves is predicted to be 90.6/n mV
under ideal conditions where the adsorbates do not interact with
each other.18 In the present case, values of 95 and 90 mV for the
anodic and cathodic peaks have been observed, respectively,
using PIPES buffer as supporting electrolyte. The electron
transfer rate constant for the immobilized complex, evaluated
by the Laviron method,19 had a value of 1.94 s21, indicating a
good reversibility and showing a fast electron transfer of the
electrochemical reaction in the diffusionless electrochemical
system.
The surface property of a SAM is affected by its charged
state, as is known, the carboxylic acid terminal group in MPA
exhibits pH dependence. At low pH range the SAM surface
should be fully protonated without net charge. In contrast, the
terminal group of the SAM molecules dissociates in solutions
Fig. 1 CVs of the [Cu(bipy)2]/SAM modified electrode (solid line) and a
bare gold electrode (dotted line) in 0.01 mol l21 buffer at pH 6.8, scan rate:
25 mV s21.
Fig. 2 (A) CVs of the [Cu(bipy)2]/SAM modified electrode at different
scan rates. (B) Plot of anodic (ipa) and cathodic (ipc) peak current against
potential scan rates. Other conditions as in Fig 1.
Table 1 Comparative results for cyclic voltammograms of the [Cu-
(bipy)2]/SAM modified electrode in different electrolyte solutions. Data






vs. SCE ipa/µA ipc/µA
HEPES 49 114 0.688 20.883
Phosphate 43 123 0.468 20.545
KCl 85 136 0.562 20.568
PIPES 58 134 0.451 20.449
TRIS 52 123 0.424 20.437





























































with high pH, which charges negatively. Since the bis-bipy
copper(II) complex is attached to the SAM electrode surface by
electrostatic interactions, pH control is of great importance.20
The effect of the solution pH on the modified electrode is shown
in Fig. 3. It can be observed that there is a narrow pH range
(between 5.5 and 7.0) in which the electrode shows good signal.
The drawback for pH > 7 is due to OH2, which leads to a
ternary hydroxo-complex formation, as the OH2 concentration
in solution increases, the fraction of simple Cu(bipy)2 dimin-
ishes.21,22
The type of the supporting electrolyte has an important effect
on the performance of the [Cu(bipy)2]/SAM modified electrode,
thus five different supporting electrolyte were tested. Fig. 4
shows the response of the modified electrode in HEPES,
phosphate, KCl, PIPES and TRIS buffers (all solutions at pH
6.8 and 0.01 mol l21). The magnitude order of the response is as
follows: HEPES > KCl > phosphate > PIPES > TRIS.
Unfortunately, the modified electrode was not very stable in the
buffers that showed the highest signal, as can be observed in
Fig. 5, which shows continuous cycling of the modified
electrode in all buffer solutions in the potential range from 20.1
up to 0.4 V for about 180 min. An important factor in choosing
the supporting electrolyte is the compromise between its
buffering capability and its interaction with the complex. For
example, it is well known that phosphate has a high affinity for
copper ions, this kind of interaction could lead to a replacement
in the coordinated ligands. PIPES buffer was chosen as the
standard supporting electrolyte, since it promoted good electro-
chemical characteristics and stability, which are important for
analytical proposes.
Fig. 6 presents the influence of ionic strength of the PIPES
buffer solution at pH 6.8 on the response of the modified
electrode. Once more, since the copper complex is electro-
statically attached to the SAM electrode surface, a high ionic
strength could interfere in the immobilization stability. As can
be observed, the electrostatically driven adsorption of [Cu-
(bipy)2] on the MPA/SAM is not limited in high ionic strength
solutions, but the current decreased with ionic strength values
lower than 2.5 3 1023 mol l21, probably due to the increase in
the resistance of the electrochemical cell. Further experiments
were all carried out at 2.5 3 1022 mol l21, which was chosen as
the optimum ionic strength to achieve the highest current
intensity.
Electrocatalytic studies of [Cu(bipy)2]/SAM modified
electrode
L-Ascorbic acid is one of the most important vitamins for human
beings and participates in various metabolic processes,23 since
it can be an antioxidant, aids in iron absorption and detoxifica-
tion. L-Ascorbic acid has also been found to play an important
role in the body as a free-radical scavenger, which may help to
prevent free-radical induced diseases such as cancer.24
In general, L-ascorbic acid is determined by potentiometric
titrations with chloramine-T, iodate and dichromate using
selective electrodes for these respective ions. The use of
copper(II) solutions is also quoted, as a titrant in potentiometric
titrations of L-ascorbic acid, but its redox properties in the
construction of a sensor have not been thoroughly exploited
yet.25
The remarkable electrocatalytic properties exhibited by the
copper(II) surface for the oxidation of ascorbic acid in PIPES
buffer (0.01 mol l21, pH 6.8; scan rate, 25 mV s21) is shown in
Fig. 7. It can be seen that, on bare Au, the oxidation of L-
ascorbic acid starts after 0.20 V vs. SCE, as manifested by an
increase in current. However, the rate of the reaction is slow and
Fig. 3 Dependence of the [Cu(bipy)2]/SAM modified electrode response
on pH. Scan rate: 25 mV s21, supporting electrolyte: 0.01 mol l21 KCl.
Fig. 4 Relative response of the Cu(bipy)2]/SAM modified electrode in
different supporting electrolytes. Scan rate: 25 mV s21, buffer concentra-
tion: 0.01 mol l21, pH 6.8.
Fig. 5 Stability of the Cu(bipy)2]/SAM modified electrode in different
supporting electrolytes as a function of the number of cycles . Scan rate: 25
mV s21, buffer concentration: 0.01 mol l21, pH 6.8.
Fig. 6 Dependence of the [Cu(bipy)2]/SAM modified electrode response
on the ionic strength (PIPES buffer pH 6.8). Scan rate: 25 mV s21.





























































no clear peak formation could be observed. On the other hand,
on the [Cu(bipy)2]/SAM modified electrode the oxidation of
ascorbic acid starts at about 0.10 V vs. SCE and a well-formed
high peak current could be observed at around 0.20 V. The
electrocatalytic current at the [Cu(bipy)2]/SAM modified
electrode is around 22 times higher than that obtained at the
naked electrode. Moreover, the shift to lower potentials is a very
favorable characteristic for the electrocatalysis presented by the
modified electrode, since such a potential range minimizes the
possible contributions from coexisting electroactive interferent
species. The interferents tested are those commonly found in
pharmaceutical preparations,24,25 including 4-acetamidophenol
(paracetamol), salicylate and citric acid. The studied com-
pounds had no significant interference on the sensor response
under the optimized potential, except for citric acid, which
caused a strong decrease in the response (Table 2). This
behavior could be explained by its possible coordination
capability with the copper ions by replacing the bipyridyl
coordinated group, leading to a loss of sensor electroactivity.
The operational conditions were optimized to meet the
requirements of the [Cu(bipy)2]/SAM modified electrode for
ascorbic acid oxidation and the best results were obtained using
the conditions previously mentioned (PIPES buffer, 0.01 mol
l21 at pH 6.8).
The [Cu(bipy)2]/SAM modified electrode showed a wide
linear response range between 1.0 µmol l21 and 100.0 µmol l21
of ascorbic acid. Fig. 8(A) shows the favorable response to 1.0
3 1026 mol l21 concentration changes (a–j), a linear calibration
curve was obtained from 1.0 µmol l21 to 10.0 µmol l21 L-
ascorbic acid in PIPES buffer, 0.01 mol l21 at pH 6.8 (Fig.
8(B)). The analytical curve was adjusted by the equation: i(nA)
= 20.003 (± 0.001) + 0.085 (± 0.005) (nA l µmol21) [L-
ascorbic acid], r2 = 0.9998. Detection limits around 8.1 3 1028
mol l21 L-ascorbic acid could be estimated by considering 3sB.
The linear response range and, mainly, the detection limit were
much better than those for amperometric sensors for ascorbic
acid described recently in the literature,24,26–31 with a detection
limit at least three times lower. Also, the proposed modified
electrode presented an excellent repeatability, with a relative
standard deviation of 2.1% for a series of 12 successive
measurements of a 5.0 µmol l21 ascorbic acid solution (data not
shown). Furthermore, the electroactivity was maintained over a
long period (e.g., 92% after 100 determinations).
The response time for the Cu(bipy)2]/SAM modified elec-
trode was short, reaching 95% of its maximum response in
about 90 s, as can be observed in Fig. 8(A). Although, this
response time is not so short considering that the electrode is not
a composite electrode, it is sufficient to allow the attachment of
the electrode to a flow analysis system, which can improve the
analytical frequency.
The electrostatic interaction of the bis(2,2A-bipyridyl)cop-
per(II) complex with a monolayer of 3-mercaptopropionic acid
offers a simple and effective method for modifying a gold
electrode with the desired electrocatalytic properties. The
modified electrode exhibited an excellent redox behavior and
good electrocatalytic activity for the oxidation of ascorbic acid.
The experiments described above illustrate the ability to employ
this modified electrode for ascorbic acid detection with
excellent sensitivity, selectivity and precision.
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